One-third of protein formulations are multi-dose. These require antimicrobial preservatives (APs); however, some APs have been shown to cause protein aggregation. Our previous work on a model protein cytochrome c indicated that partial protein unfolding, rather than complete unfolding, triggers aggregation. Here, we examined the relative strength of five commonly used APs on such unfolding and aggregation, and explored whether stabilizing the aggregation 'hot-spot' reduces such aggregation. All APs induced protein aggregation in the order m-cresol > phenol > benzyl alcohol > phenoxyethanol > chlorobutanol. All these enhanced the partial protein unfolding that includes a local region which was predicted to be the aggregation 'hot-spot'. The extent of destabilization correlated with the extent of aggregation. Further, we show that stabilizing the 'hot-spot' reduces aggregation induced by all five APs. These results indicate that m-cresol causes the most protein aggregation, whereas chlorobutanol causes the least protein aggregation. The same protein region acts as the 'hot-spot' for aggregation induced by different APs, implying that developing strategies to prevent protein aggregation induced by one AP will also work for others.
INTRODUCTION
Protein-based pharmaceuticals comprise a significant portion of drug formulations. More than 350 parenteral formulations are available worldwide, with almost 150 protein-based pharmaceutical drugs commercially available in the United States. [1] [2] One-third of these parenteral products are multidose, 3 which are advantageous in terms of patient compliance as well as economics. Protein formulations require a shelf-life stability of 18-24 months. 4 To maintain product viability, multidose formulations require the presence of antimicrobial preservatives (APs) 3, 5 to inhibit the growth of microbes and bacteria during repeated contact between the solution and a syringe needle. 3 APs are also found in topical ointments, 6 and in multidose delivery systems such as mini pumps for continuous infusion 7 and injection pens. 8 The use of APs in protein formulations is of recent concern because of the discovery that these small molecules induce protein aggregation. In one of the first reports, Maa and Hsu 9 demonstrated that the addition of aromatic and aliphatic alcohols results in the aggregation of human growth hormone. Similar results were found with APs, most of which are alcohols, and with other proteins. For example, benzyl alcohol (BA), the most widely used AP, induces the aggregation of interferon-(, 10 interleukin-1 receptor antagonist, 11 and human granulocyte colony-stimulating factor 12 ; m-cresol (CR) induces the aggregation of human growth hormone 9, 13 and interleukin-1 receptor 14 ; and phenol (PH) induces the aggregation of an antibody. 15 Such protein aggregates in formulations can decrease the efficacy of the delivered drug as well as stimulate undesirable toxic and immunologic responses in patients. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Therefore, an understanding of the molecular mechanisms underlying AP-induced protein aggregation and the development of strategies to minimize such aggregation are of paramount importance in developing stable multidose drug formulations.
Out of the eight commonly used APs, 3, 5 five (listed in Table 1 ) are specifically used in liquid protein formulations. However, it has not been clear whether all five APs result in protein aggregation, and to what extent. Preliminary evidence from Maa and Hsu 9 indicates that various alcohols induce the aggregation of human growth hormone to different extents, implying that protein aggregation may depend on the nature of the alcohol. Such comparative information on APs is not available, which will be helpful in choosing the right AP when designing a stable therapeutic formulation so that the formation of protein aggregates and the resultant immunogenic and toxic effects can be minimized.
The ideal method of understanding aggregation mechanisms is to study how various APs induce the aggregation of a pharmaceutical protein of interest using biophysical methods. However, most pharmaceutical proteins are relatively less understood in terms of their biophysics and solution behavior. Therefore, we used a model protein, cytochrome c (Cyt c; Fig. 1 ), which has been well characterized in the literature. This protein offers many spectroscopic probes because of its covalently linked heme chromophore, in addition to the traditional signals such as circular dichroism and fluorescence of aromatic residues used to monitor protein structure. A particularly useful tool to probe the partial unfolding of Cyt c is an absorption band at 695 nm that reports on the unfolding of one of the least stable regions in the protein (Red-colored -loop in Fig. 1 ). In Cyt c, the methionine residue at position 80 (Met80) that is part of this Red loop is covalently linked to the ferric iron of the heme group. The 695 nm band originates due to charge transfer from the side-chain 1HRC.pdb). The protein consists of three "-helices and three -loops. Individual cooperatively unfolding regions detected in Cyt c are colored in terms of their increasing stability: Infrared (Nested-yellow), Red, Yellow, Green, and Blue. 30 The unfolding of Cyt c proceeds either through the Red loop or through the bottom Infrared loop. 30 The figure also shows the covalently linked heme, and its two axial ligands His18 and Met80. The structure was generated using the MOLSCRIPT 38 program.
sulfur of Met80 to the ferric iron. When the local region around Met80 unfolds, this absorption band is absent because of the breakage of the Met80 to heme bond. The identification of the -loop containing Met80 as being a least stable region, or weakest link in the protein, came from earlier residue-resolved hydrogen exchange (HX) experiments measured using two-dimensional nuclear magnetic resonance (2D NMR) spectroscopy, [28] [29] [30] [31] protein unfolding monitored in response to various stresses, [32] [33] [34] and from studies on ultrafast protein dynamics. 35 Our earlier computational analysis predicts that the six residues around Met80 act as an aggregation "hot-spot" whose unfolding may lead to Cyt c aggregation, 36 and experimental results confirm this hypothesis. 36 Subsequent determination of the molecular structures of Cyt c oligomers using X-ray methods and their characterization using biophysical techniques 37 indicate that the aggregates have the same native structure as that of monomeric Cyt c with no change in the secondary structure (identical circular dichroism spectrum), except that the C-terminal helices are domain swapped between the monomers, and the Met80 region is unfolded. These earlier results on Cyt c, which determined the nature of partial protein unfolding that leads to aggregation, provide a unique opportunity to test the effect and relative strength of different APs on protein unfolding and aggregation. We have also tested whether stabilizing the local protein region that acts as the aggregation "hot-spot" will reduce the AP-induced protein aggregation.
MATERIALS AND METHODS

Materials
Equine Cyt c (Type VI) was obtained from the Sigma Chemical Company (St. Louis, Missouri). Before experiments, the protein was oxidized using potassium ferricyanide (Fisher Chemicals, Fair Lawn, New Jersey) to remove any trace amounts of the reduced form, dialyzed extensively against the desired buffer, and filtered through a 0.22 :m filter. The purity of the protein was determined from the ratio of the absorbance values at 409 nm (heme Soret band) and 280 nm (aromatic absorption band), which was 4.6 as expected for a pure oxidized protein. 39 In addition, the absence of the reduced form in the sample was confirmed from the absorbance values at 339, 526.5, 541.74, and 550 nm using a previously described method. [39] [40] For experiments with the reduced form, sodium dithionite (Sigma Chemical Company) was used to reduce Cyt c. 41 The five APs used in this study are listed in Table 1 .
Preservative Efficacy Test
To confirm the antimicrobial activity of APs, a simplified preservative efficacy test was performed. 42 A primary culture of Escherichia coli DH5" cells was incubated overnight at 37
• C in a shaker. Aliquots of 0.5 mL were transferred into six 50 mL culture flasks containing either no preservative (control), or one of the five APs. Cultures were incubated at 37
• C with shaking for 6 h, and optical density at 600 nm was used to measure the cell growth kinetics.
Size-Exclusion Chromatography
To monitor the effect of BA on protein aggregation, Cyt c (2 mM in 0.1 M sodium phosphate, 0.15 M sodium chloride, pH 7) was incubated at 37
• C on a rotator (Thermo Scientific Labquake Shaker Rotisserie, West Palm Beach, Florida) and samples were taken at desired intervals. Concentration of the monomer was estimated by injecting 5 :L onto a TSKgel 5 :m G3000SWxl column (Tosoh Bioscience LLC, San Francisco, California) on an Agilent 1100 HPLC (Santa Clara, California). The mobile phase used for this column was 0.1 M sodium phosphate, 0.1 M sodium sulfate, pH 6.7 at a flow rate of 0.7 mL min −1 . Absorbance at 280 nm was used to estimate the protein concentration. The average of 0% (v/v) BA triplicates on day 0 was used to normalize the peak area of subsequent sample sets.
Isothermal Incubation Experiments
Cyt c solution was incubated at the desired temperature, and the changes in optical density at 695 and 800 nm were measured as a function of the incubation time. For these experiments, the cuvette of buffer solution was initially equilibrated at the desired temperature, and Cyt c (300 :M final concentration) was added to the cuvette. The aggregation kinetics was monitored until the signal reached a plateau. At longer incubation times, the aggregates started to settle down to the bottom of the cuvette, resulting in decreased optical density. At that point, the experiment was stopped.
Thermal Scanning Method
The aggregation temperature (T m Agg ) of the protein was measured using a thermal scanning method on a Chirascan Plus spectrometer (Applied Photophysics, Surrey, UK). The temperature was increased at a rate of 1
• C/step followed by 2 min equilibration, and changes in the optical density at 800 nm were recorded. T m Agg was determined using Global Analysis T-Ramp software (Pro-Data Global3 v1.1.0), provided by Applied Photophysics using a single transition and double baseline correction. For these experiments, 300 :m Cyt c in 0.1 mM sodium phosphate, 0.15 mM sodium chloride, pH 7 was used. The reduced Cyt c samples contained sodium dithionite ten times that of protein concentration to maintain Cyt c in reduced form during thermal scanning.
Temperature unfolding of the Met80 region was performed by monitoring changes in the optical density at 695 nm using the above described thermal scanning method. The optical density initially decreased followed by an increase. From the initial decrease, the melting temperature (T m 695 ) was determined as the temperature at which the absorbance is half of the difference between the absorbance values of the native and unfolded states. Absorbance of the unfolded state at high temperature was independently measured by denaturing 300 :M Cyt c with 6 M GdmCl.
Denaturant Melts
Guanidinium chloride (GdmCl) was used as the denaturant. Protein solutions at varying GdmCl concentrations were prepared and equilibrated overnight before measuring changes in optical signals as a function of the denaturant concentration. Concentration of the denaturant was determined using refractive index measurements. 43 For measuring changes in the 695 nm absorbance, 300 :M Cyt c in 0.1 M sodium phosphate, 0.15 M sodium chloride, pH 7 was used. The G values were determined by fitting the changes in optical signals at different denaturant concentrations to a two-state unfolding model.
44-45
Nuclear Magnetic Resonance
Two-dimensional homonuclear gradient COrrelation SpectroscopY (COSY) experiments were run to monitor changes in Cyt c amide cross-peaks as a function of the AP using a Varian Inova 600 MHz NMR instrument (Palo Alto, California) equipped with a cryoprobe. For these experiments, 3 mM Cyt c (0.1 M sodium phosphate, 0.15 M sodium chloride, pH 7) and deuterated APs (0.8%, v/v) were used. Deuterated chlorobutanol (CB) was not available commercially, and hence the NMR experiments were performed with the other four deuterated APs (Isotec Inc., Miamisburg, Ohio). The NMR spectra were collected with 8000 Hz spectral width and 512 points in each direction. The spectra were processed in magnitude mode using the nmrPipe software (Frank Delaglio, National Institutes of Health) with zero filling to twice their real points, apodization with nonshifted sine multiplication, exponential broadening, and Gaussian transformation. The spectra were baseline corrected in both dimensions. Changes in the peak positions (chemical shifts) and peak volumes were calculated using the nmrDraw package (Frank Delaglio, National Institutes of Health). Cyt c residue assignments available in the literature 46 were used for this purpose. 4,4-Dimethyl-4-silapentane-1-sulfonic acid was used as a standard to reference the chemical shifts as well as to normalize the measured changes in cross-peak volumes with the addition of APs.
Hydrogen Exchange
Cyt c (3 mM), whose amides were protons, was lyophilized in deionized water. It was dissolved in the appropriate buffer in D 2 O just before running the HX experiment and filtered through 0.22 :m filter. A series of 2D gradient COSY spectra was recorded back to back using a Varian Inova 600 MHz NMR instrument equipped with a cryoprobe to monitor the HX of various amide hydrogens. NMR spectra were processed using nmrPipe software and the changes in peak volumes due to exchange were measured using nmrDraw software. The changes in peak volumes due to exchange were normalized with the intensities of five nonexchangeable cross-peaks. 36 
RESULTS
Antimicrobial Activity of APs
To demonstrate the antimicrobial efficacy of the five APs, we tested their effect on the growth of E. coli bacteria. 42 For this purpose, we used DH5" cells in LB media and monitored the cell count by measuring changes in the optical density at 600 nm as a function of the growth time. Without APs, the growth curve showed an exponential increase (Fig. 2) . However, no increase in the optical density was observed with the addition of any of the five APs, indicating that these molecules inhibited bacterial growth.
APs Induce Cyt c Aggregation
Earlier studies have indicated that APs cause aggregation of pharmaceutical proteins over a course of several days and months when stored close to room temperature. [9] [10] [11] [12] [13] [14] [15] Monitoring the effect of different APs on such aggregation and at different solution conditions is not feasible because of long incubation times. Therefore, to probe the aggregation mechanisms on a convenient laboratory scale, we accelerated the aggregation kinetics by performing isothermal incubation studies at higher temperatures. We first showed that APs induce Cyt c aggregation at physiological temperatures by following the concentration of the Cyt c monomer in solution as a function of the incubation time, using BA as the AP (Fig. 3a) . Over a time course of four days, 3% (v/v) BA aggregated Cyt c by 50%, whereas no such aggregation was observed in the absence of AP. We further examined the effect of temperature on the kinetics of AP-induced protein aggregation (Fig. 3b) . With the increase in solution temperature from 65
• C to 85
• C, the rate of Cyt c aggregation induced by 0.8% (v/v) BA increased. On the basis of this data, we chose 75
• C (Fig. 3c) and 80
• C (Fig. 3d ) so that the effect of APs on Cyt c aggregation can be conveniently monitored on the timescale of hours. The rate and extent of aggregation depends on the nature of AP. The five APs followed the order CR > PH > phenoxyethanol (PE) > BA > CB. Under identical conditions, no aggregation was observed for Cyt c in the absence of APs. For these comparison experiments, a concentration of 0.8% (v/v) was chosen for all the APs because some of the APs, in particular CR, were not soluble at higher AP concentrations.
APs Decrease the Temperature at Which Cyt c Aggregates
An alternative method used in the literature to probe the effects of various solution conditions on protein aggregation is to measure their influence on the temperature at which the protein aggregates during thermal scanning. [11] [12] We have previously shown that both methods yield similar information, that is, the solution conditions that resulted in faster aggregation of Cyt c also exhibited a lower T m Agg . 36, 48 We used a temperature scanning method to monitor the effects of five APs on the T m Agg of Cyt c. For this purpose, we measured the optical density at 695 nm to simultaneously monitor the melting of the least • C and at 80
• C, respectively, at 0.8% (v/v) concentration of the five APs, m-cresol (CR), phenol (PH), phenoxyethanol (PE), benzyl alcohol (BA), and chlorobutanol (CB). Figure 4 . Variation in the optical density at 695 nm as a function of increasing temperature at different concentrations of phenoxyethanol (PE). Inset shows the optical density curve at 695 nm in comparison with that of 800 nm for 0% PE concentration, indicating that the increase in optical density at higher temperatures is due to protein aggregation.
stable structure in Cyt c (Red loop containing Met80 region in Fig. 1 ) in addition to protein aggregation. In buffer (0% trace in Fig. 4) , the optical density initially decreased, indicating unfolding of the local region surrounding Met80. Subsequently, the signal increased until a plateau was reached, which may be because of protein aggregation. We confirmed this by measuring the optical density at 800 nm using the same thermal scanning experiment (Fig. 4, inset) . At this wavelength, the protein and the buffer do not absorb, and hence the observed changes in the optical density can be attributed solely to protein aggregation. The increase in optical density at 800 nm as a function of solution temperature exactly matched the latter part of the 695 nm curve (Fig. 4, inset) , indicating that the increase in 695 nm signal at higher temperatures is due to aggregation, and not due to the increased absorbance of the Met80 to heme charge transfer band. At much higher temperatures beyond the plateau region, optical density decreased as preformed protein aggregates start settling down to the bottom of the cuvette. We performed this thermal scanning experiment at varying concentrations of PE (Fig. 4) to measure its effect on the T m Agg . With the addition of PE, the midpoint temperature of aggregation (T m Agg ) decreased, as determined from the 695 nm as well as 800 nm optical density curves. In the absence of PE, the T m Agg was 83.6
• C, whereas the addition of 2% PE decreased the T m Agg to 69.5
• C, indicating that the presence of AP enhanced Cyt c aggregation.
Aggregation Temperature Decreases Linearly with Increasing AP Concentration
Similar to PE, the other four APs decreased the T m Agg of Cyt c (Fig. 5) . A linear correlation was observed be- tween the concentration of each AP and the T m Agg . This correlation is significant in that it is a qualitative measure of how effective each preservative is in inducing the aggregation of Cyt c. By comparing the relative slopes, the five APs induced the aggregation in the order CR > PH > BA > PE > CB. The AP that is most effective in causing protein aggregation is CR. The corresponding slope indicates that for every percent concentration change of CR, the T m Agg of Cyt c decreases by 17.5
• C. In contrast, CB is the least aggregation-causing AP with a slope of 3.3
• C/ %v/v. This trend is very similar to that observed from isothermal incubation studies (Fig. 3) , except the reversal of the effects of BA and PE.
Unfolding of the Met80 Region Correlates with the T m Agg
To determine the unifying mechanism underlying APinduced aggregation, in particular whether the same local protein region acts as an aggregation "hot-spot" for all the APs, we examined the correlation between the unfolding of the local protein region around the residue Met80, which was predicted to be the aggregation "hot-spot", 36 and Cyt c aggregation. As discussed above, the unfolding temperature of the Met80 region (T m 695 ) was determined from the initial decrease in the absorbance at 695 nm with increase in temperature as the value at which the absorbance is half of the absorbance values of the native and unfolded states (measured independently). A decrease in the absorbance at 695 nm signifies the disruption of the Met80 to heme bond, indicating destabilization of the local structure around Met80 (Fig. 1) . This decrease occurred prior to protein aggregation as can be observed by comparing the absorbance traces at 695 and 800 nm (Fig. 4, inset) . With the increase in the concentration of the AP, the temperature at which the Met80 region melted decreased (Fig. 4) , indicating that the presence of AP destabilized the local structure around Met80. The decrease in T m 695 is very similar to that of T m Agg . We determined the T m 695 of all the 16 samples (control with no AP, and three concentrations each of the five APs) from the initial decrease in the optical density at 695 nm (for example, Fig. 4 for PE) and plotted them against T m Agg (Fig. 6) . The relationship between T m 695 and T m Agg was linear (r 2 = 0.79), indicating that the destabilization of the Met80 region by the presence of APs may be the critical event that triggers Cyt c aggregation. However, the T m Agg is higher than T m 695 by approximately 10
• C-20
• C, possibly because of the concentration dependence of protein aggregation. In general, protein unfolding is a unimolecular reaction, whereas protein aggregation is a multimolecular reaction, and hence aggregation is expected to depend on the protein concentration. Consistently, we did not observe Cyt c aggregation when the aggregation experiments were performed at 10 :M protein concentration. 48 With the increase in protein concentration, Cyt c starts aggregating, and its T m Agg shifts to low temperatures, confirming the strong dependence of Cyt c aggregation on its concentration. All the experiments presented in this paper were carried out at a protein concentration of 300 :M.
APs Destabilize the Local Protein Region Around Met80
To further confirm that the presence of APs destabilized the local protein region around Met80, we measured the changes in its stability by monitoring the changes in the 695 nm absorbance with the addition of the denaturant GdmCl (Fig. 7) . On the basis of the data in Figure 5 , we chose a concentration of 0.8% (v/v) APs for these studies, which is common to all the APs. With the addition of any of the five APs, the decrease in 695 nm shifted to lower denaturant concentration when compared with that in the absence of AP (Fig. 7) . These denaturant melts qualitatively indicate that the APs that seriously aggregate Cyt c show a decreased C m value and a shallower m value, indicating a correlation between partial protein unfolding and aggregation. The decrease in m values may indicate the presence of an intermediate, however, the presence of sloped baselines and the absence of a second, cooperative transition did not result in unique fits to a three-state unfolding model. The sloped baselines in the denaturant melts also resulted in large errors in obtained G values when the individual curves were fit to a two-state model. Therefore, to analyze the effect of APs on protein stability, we assumed that the m value of the partial protein unfolding measured by the decrease in 695 nm absorbance is the same for all the five APs, and all the six melts were globally fit to a two-state model (Fig. 7) . The obtained fit parameters are listed in Table 2 . The stability decreased in the order CR > PH > BA > PE > CB, which matches the order of the effectiveness of APs in inducing Cyt c aggregation (Fig. 5 ).To further demonstrate that the APs enhance the unfolding of the Met80 region, we performed amide HX experiments using 2D NMR (Fig. 8) . We first monitored the changes in the protein structure using 2D NMR COSY spectra recorded in the absence and presence of the five APs (Fig. 8a) . No significant changes were observed in the positions of individual amide cross-peaks, indicating that the APs did not perturb the overall global protein structure. The chemical shifts of main-chain amide and C" protons of all residues were within 0.1 ppm. We subsequently measured the stability of the Met80 region. For this purpose, we used HX in combination with 2D NMR, which measures the stability of structures around individual amino acids. 49 For an amide proton to be exchanged with the solvent, it needs to be exposed to the solvent, and the exchange rate is proportional to the stability of the structure protecting the amide against exchange. Although individual amide protons exchange through three different types of unfolding mechanisms, 49 earlier HX experiments on Cyt c indicated that the amides of the two residues Tyr74 and Ile75 exchange with the solvent only upon complete unfolding of the Met80 region. 28 In the absence of APs, these two residues exchange with the rate constants 0.57/h and 0.27/h, respectively. With the addition of APs, the exchange rate of these two residues increased significantly (Fig. 8b) . The amide protons exchanged at a much faster rate in the presence of PE (Tyr74: 1.73/h and Ile75: 1.21/ h) and BA (Tyr74: 2.60/h and Ile75: 1.19/h), whereas they exchanged within the dead time of the experiment (∼10 min) in the presence of PH and CR. This order in which the APs enhance the amide HX of the Met80 region (Fig. 8b ) matches with that of the effectiveness of APs in inducing Cyt c aggregation (Fig. 5) .
Stabilizing the Met80 Region Decreases Protein Aggregation
The above results indicate that the Met80 region may be the weakest link whose destabilization triggers Cyt c aggregation. To confirm this and to demonstrate a possible strategy of decreasing protein aggregation, we stabilized the weakest link by reducing the iron in the heme from Fe +3 (ferric) to Fe +2 (ferrous). Reduction of the heme increases the stability of the bond between Met80 and the heme by 3.2 kcal/mol with no change in the protein structure. [50] [51] This is very similar to introducing a site-specific stabilizing mutation in the Met80 region, without the hassle of cloning, expressing, and purifying the mutant protein. (Fig. 9 ). In addition, the difference in T m Agg between the oxidized and reduced forms was nearly identical for different APs (Table 3) , indicating that the stabilization of the Met80 region may be the major factor responsible for reducing protein aggregation, consistent with the correlation seen in Figure 6 . For most reduced samples, full aggregation curves could not be obtained because of the allowed maximum temperature values in the thermal scanning method, and hence exact T m Agg values could not be determined.
DISCUSSION
Multidose protein formulations require APs to prevent the accidental growth of microbes during repeated use.
3,5 However, APs have been shown to cause protein aggregation, 3, 5, [9] [10] [11] [12] [13] [14] [15] and the underlying physical mechanisms are poorly understood. Here, we used a model protein Cyt c to examine the effect of five APs commonly used in liquid protein formulations on protein aggregation (Figs. 3 and 5) , and determined the nature of partial protein unfolding that leads to protein aggregation (Fig. 6) . We also showed that stabilizing the weakest link, whose unfolding leads to protein aggregation, reduces aggregation (Fig. 9) . These results also demonstrate that the same region acts as the aggregation "hot-spot" for all APs, and therefore, any strategies developed to reduce protein aggregation induced by one AP works for all other APs. The effect of APs on the extent of protein aggregation depends on the nature of the AP. For Cyt c, CR is the AP that causes the most aggregation, whereas CB is the AP that causes the least aggregation (Fig. 5) . Therefore, if Cyt c were a pharmaceutical protein, CB would be the right choice for the AP in its formulation rather than CR. Alternatively, lower concentrations of CR have to be used compared with that of CB, so that CR does not cause protein aggregation. It would be interesting to determine whether the APs follow the same order in terms of inducing aggregation of other proteins, in particular pharmaceutical proteins. In one case where the effect of phenolic compounds, which include three of the APs studied here, on the aggregation of recombinant human growth hormone was examined, 9 the three APs followed a similar trend as that observed here for Cyt c (Fig. 5 ): CR > PH > BA. In another study, CR, PH, and BA caused an antibody to precipitate in formulation, whereas CB showed little to no effect on protein aggregation. 15 The ability of APs to aggregate proteins may depend on the nature of their interactions with proteins, which needs to be determined. Initial studies in this direction indicated that APs do not have strong binding sites on proteins. 11, 36 Most of the physical properties that might control protein aggregation, such as hydrophobicity and dielectric constant, have not been characterized for the five APs examined here, and therefore it is not possible at this time to determine which specific physical parameter governs the aggregation reaction.
On the basis of the results presented here, we propose screening of various APs or combinations of APs before selecting the right AP for a protein formulation. The ideal choice for an AP would be the one that causes the least protein aggregation yet possesses the desired antimicrobial effect. At the same time, identifying the weakest link in a protein and measuring the effect of APs on its unfolding might help in reducing protein aggregation, either by introducing site-specific mutations or by modulating solvent properties to stabilize the weakest link. In addition, one needs to ensure that the addition of AP and/or protein modifications do not compromise the function of the therapeutic protein of interest.
Stabilizing the weakest links in pharmaceutical proteins to reduce their aggregation and to improve their shelf-life has been gaining considerable attention in recent years. This is especially important in the case of multidose formulations that need to be stored over long periods of time and preferably at room temperatures in underdeveloped countries. For example, in therapeutic insulin, three amino acid residues that cause its aggregation have been identified, and mutating these residues decreased aggregation and increased the shelf-life of the formulation at room temperature. 52 In another study, aggregationprone regions in therapeutic antibodies were identified and were stabilized to reduce aggregation. 53 Our results presented here show that a similar strategy of stabilizing the weakest links in a protein might also decrease its AP-induced aggregation.
